The antibacterial effect of essential oils (EOs) derived from Citrus lemon, Juniperus communis, Origanum majorana, and Salvia sclarea, was investigated either alone or in combination, on 2 food related bacteria (Bacillus cereus and Escherichia coli).
Introduction
Essential oils (EOs) are volatile liquids obtained from herbs, spices and different plants mainly by steam distillation. They can have more than 50 components in different ratios. Some of the essential oils and their constituents are known to possess antibacterial, antifungal, antiparasitic and insecticidal properties [1] . There is a growing interest in using EOs by the food industry as natural preservatives against food spoilageand food-borne pathogenic microbes, in order to meet consumer demands for avoiding synthetic components in food [2] . Previous reports suggest that the preservative effect of EOs in food often requires higher doses than observed in vitro [1, [3] [4] [5] . It is believed that foodstuffs with high protein and fat content can protect bacteria from the antibacterial effect of EOs and other natural antimicrobials [6] [7] [8] . The food matrix can represent a physical hurdle and an essential oil dissolved in the fat of the food will be less available to act on bacteria present in aqueous phase. However, increased doses of essential oils required for food preservation, can also negatively influence taste or odor. To avoid this unwanted side effect, several EOs can be combined. Our aim was to investigate the antibacterial effect of EOs derived from Citrus lemon, Juniperus communis, Origanum majorana and Salvia sclarea, alone or in combination, on 2 food related bacteria (B. cereus and E. coli). The influence of food ingredients -hydrolyzed proteins of animal and plant origin (meat extract and soy peptone) and sucrose -on the antibacterial effect of EOs was also investigated.
Experimental Procedures

Essential oils
The essential oils (EOs) investigated in this study and their main components are indicated in Table 1 . The EOs were provided from Aromax Natural Products (Budapest, Hungary) and were made by steam distillation of leaves or fruits of the plants, except lemon oil, that was cold pressed from the peel of lemon fruits.
Bacteria and culture conditions
B. cereus var. mycoides ATCC 9634 was grown on meat extract medium (MEE; 0.4% meat extract, 0.4% peptone, 1% glucose, 0.1% yeast extract), Escherichia coli SZMC 0582 was grown on Luria-Bertani medium (LB; 1% tryptone, 0.5% yeast extract, 1% NaCl). B. cereus was incubated at 30°C and E. coli at 37°C.
Screening for antimicrobial activity
An agar diffusion technique was used to estimate the inhibitory effect of essential oils. Solid culture media were overlaid with a suspension of 10 3 -10 4 cells in 1 ml of distilled water, and were dried. Aliquots (100 ml) of the serial dilution of the EO tested (50, 100, 150 and 200 µl/ml in 50% dimethyl sulfoxide, DMSO) were filled into holes of 8 mm in diameter; 50% DMSO was used as a negative control. The plates were placed for 2 h to 4°C (to avoid the evaporation of oils), then were incubated at 30°C or 37°C. Diameters of the inhibition zones were measured and documented after incubation of 24 h and 48 h. Experiments were repeated three times.
Combinations of the other EOs with juniper oil (100 µl in 1 ml 50% DMSO in final concentration) were investigated in 1:0.5, 1:1 and 1:2 ratios against all of the investigated bacteria by the agar diffusion method. Plates were incubated for 48 h at the appropriate temperature and then the inhibition zones were measured. The interaction ratio between the essential oils was calculated by the Abbott formula [9] . Experiments were repeated three times.
Effect of EOs on the growth parameters of the bacteria
Essential oils were diluted in the culture broth (MEE or LB) in a concentration range from 1 to 0.0625 µl ml -1 in twofold increments. Broths containing the EOs were then inoculated with approximately 10 5 CFU/ml bacterium suspensions and incubated with continuous shaking for 48 h at 37 or 30ºC. Samples were taken in the logarithmic phase in one hour intervals and in the stationary phase in two hours intervals, and the absorbance of the cultures was measured at 580 nm. Lag phase and growth rate were calculated by determining the slope and intercept in the logarithmic phase of growth curves. Measurements were made in triplicate and repeated at least two times.
Checkerboard method
Checkerboard method was performed by macro dilution assay. The above-mentioned twofold dilutions of juniper EO were combined with similar dilutions of clary sage, lemon and marjoram oil, performing all possible combinations. Erlenmeyer flasks containing the combinations were inoculated with 10 5 CFU/ml suspensions of B. cereus and E. coli and were incubated for 24 hours at the optimum temperature. The fractional inhibitory concentration indexes (FICI) were calculated as the sum of FIC A and FIC B for A and B essential oil. The FIC for an individual essential oil was calculated by dividing the minimal inhibitory concentration (MIC) for the oil in combination by the MIC of the oil alone. Results were interpreted as synergy (FICI<0.5), addition (0.5≤FICI≤1), indifference (1<FICI≤4), or antagonism (FICI>4) [10] . Combination of marjoram and clary sage was made the same way. Experiments were repeated three times. Linalool + Linalyl-acetate 10 Table 1 . Main components of the essential oils investigated in this study (as given by the producer).
Effect of food ingredients on the efficacy of marjoram oil
The effect of food ingredients on the preservative efficacy of marjoram oil was investigated by adding marjoram oil (0.125 µl ml -1 ) and different concentrations of meat extract or soy peptone or sucrose to the culture media. Medium composition for B. cereus was: 1% glucose, 0.1% yeast extract supplemented with meat extract or soy peptone in 0.4, 0.8, 1.6 or 3.2% (w/v); or 0.1% yeast extract and 0.4% meat extract with sucrose of 1, 2, 4 or 8% (w/v). Medium for E. coli contained: 0.5% yeast extract, 1% NaCl and meat extract or soy peptone in 1, 2, 4 or 8% (w/v); or LB with sucrose of 1, 2, 4 or 8% (w/v). The growth of B. cereus and E. coli was monitored by measuring the absorbance at 580 nm. Lag phase and maximum growth rate were determined as described above and compared to data obtained in the absence of marjoram oil.
Statistical analysis
Statistical analysis was conducted using a one-way ANOVA followed by LSD testing (SPSS 9.0 software). Significance was considered at P<0.05.
Results
Screening for antimicrobial activity
In the agar diffusion assays, inhibition zones of B. cereus ranged from 9 to 18 mm (including the hole). The Gram-negative E. coli showed less sensitivity to all EOs with a maximum inhibition zone of 12 mm in the case of marjoram (Table 2) .
Interactions between juniper oil and lemon, marjoram or clary sage oil revealed mainly synergistic or additive effects in the agar dilution assay, except for B. cereus, where the 1:1 and 1:2 ratio of juniper and clary sage oil showed antagonism (Table 3) .
Effect of EOs on the growth parameters of the bacteria
Lag phases of the Gram-positive B. cereus increased with increasing lemon and clary sage oil concentration (P<0.05), while growth rates were less affected ( Table 4 ). The growth of B. cereus was totally inhibited by clary sage oil after 48 h of incubation at concentrations of 0.5 and 1.0 µl ml -1 . A significant reduction in the rate of B. cereus growth was observed in the presence of lemon Table 3 . Growth inhibition effects of oil combinations in the agar hole diffusion method. Lemon, marjoram and clary sage oils were added in different concentrations to juniper oil (100 µl ml 
A -additive effect, S -synergism, I -indifferent effect, AN -antagonism
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Essential oils (µl ml and marjoram oil using concentrations of 0.125 and 0.5 µl ml -1 , respectively. At the highest concentrations, the lag phases were longer than 24 hours and the growth rate of B. cereus decreased significantly (P<0.01). E. coli was less affected by the EOs, except for marjoram oil, where a concentration of 1.0 µl ml -1 inhibited all growth after 48 h incubation (Table 5) . No significant changes were observed in lag phase duration and in maximum specific growth rate for the remaining EOs.
Checkerboard analysis
The results of checkerboard analysis are shown in Table 6 . A combination of juniper oil with lemon had an additive interaction on E. coli. All other combinations of juniper oil with other oils resulted in indifferent or antagonistic interactions. The marjoram -clary sage combination had additive effect on both E. coli and B. cereus.
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Effect of food ingredients on the efficacy of marjoram oil
The lag phase and maximum specific growth rate of B. cereus and E. coli grown in media supplemented with meat extract, soy peptone and sucrose in the absence or presence of marjoram oil are presented in Figure 1 -4.
Effect of hydrolyzed protein
Low concentrations of meat extract resulted in an increase of the lag phase and significant decrease of the growth rate of B. cereus treated with marjoram oil, but meat extract concentrations higher than 1.6% (w/v) failed to promote the efficacy of the EO (Figure 3, 4) . The lag phase of E. coli was lengthened significantly by marjoram oil with a meat protein concentration of 1% (w/v) (P<0.01) but at higher concentrations the meat extract protected the bacterium against the growth reducing effect of marjoram oil. The maximum growth rate decreased with increasing meat extract concentration independently from the absence or presence of marjoram oil (Figure 1, 2) . In the control culture, soy peptone did not act on the lag phase or the growth rate of B. cereus, whereas it increased the lag phase of E. coli significantly at a concentration of 8% (w/v). Marjoram oil increased the lag phases of E. coli at all concentrations of soy peptone (Figure 2 ) while it inhibited completely the growth of B. cereus at concentrations of soy peptone higher than 0.4% (w/v) (data not shown).
Effect of sucrose
In control cultures, increasing sucrose concentrations had no effect on the lag phase of the two bacteria, but the growth rates of E. coli were decreased at sucrose concentrations higher than 1%. The inhibitory effect of marjoram oil was supported by sucrose in the case of B. cereus: no growth was observed at concentration of 1% (w/v), and above this concentration longer lag phases and lower growth rates than those of the control were observed (Figure 3, 4) . Increasing sucrose concentrations prolonged the lag phases of E. coli in the presence of marjoram oil compared to the control (P<0.01) in a dose-independent manner. In general, sucrose had no protective effect against marjoram oil in this experiment.
Discussion
It has been reported by many authors that EOs containing phenolic compounds such as carvacrol, eugenol or thymol have the strongest antimicrobial activity [1, 11] . The EOs used in our experiments had terpenoids as main constituents; mono-and cyclic terpenes such as α-and β-pinene, sabinene, limonene; terpene alcohols: linalool, nerol, geraniol, and their acetate derivatives such as linalyl-acetate. The antibacterial activities of these EO components are listed here in the order of their effectiveness [11] : terpinen-4-ol, linalool, nerol, geraniol, β-pinene, limonene, α-pinene, sabinene,
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MIC (µl ml γ-terpinene and myrcene. In our experiments, the best antibacterial activity was achieved by marjoram oil (contains terpinen-4-ol, linalool and linalyl-acetate) and clary sage (contains linalool and linalyl-acetate). Presence of an acetate moiety increases the activity of the parent compound [11] which explains the excellent growth inhibition activity of clary sage, containing 50-75% linalyl-acetate (Table 1 ). The combination of marjoram and clary sage (both containing linalool and linalyl-acetate) resulted in an additive effect on all investigated bacteria.
When we consider the effects of EOs on the growth parameters of both E. coli and B. cereus, the Gramnegative bacterium, E. coli, was less influenced than the Gram-positive bacterium, B. cereus. This is in agreement with other studies reporting that Gram-positive bacteria are more susceptible than the Gram-negative ones [1, 12] .
In foodstuffs, higher concentrations of the EOs are usually required for the antimicrobial action than in vitro because some food ingredients, like proteins and fats, decrease their effect [1, 7, 13] . Gutierrez et al. [10] found, however, that not only does the growth of Listeria monocytogenes improve in the absence of EOs, but also the efficacy of oregano and thyme oil were promoted in the presence of high protein concentrations. In our experiments, higher levels of meat-derived hydrolyzed proteins (beef extract) diminished the prolongation of lag phase of B. cereus and E. coli treated with marjoram oil; but the plant-derived soy peptone had no protective effect. Soy peptone has hydrophobic properties and can interact with the EOs by facilitating their dissolution.
In another study [14] , it was reported that sugar at 1.16 and 2.32% concentration improved the antimicrobial activity of oregano and thyme, and high concentrations (5.80 or 11.6%) had no negative impact on the efficacy. We found that the lag phases of both bacteria were increased in the presence of sucrose and marjoram, compared to the control, but this lengthening was more or less independent of the concentration of sucrose. At 1% sucrose concentration, B. cereus showed no growth until 24 hours. We hypothesize that the low sucrose concentration was unable to provide enough energy for the growth of the bacterium, or the invertase production was affected by the marjoram oil. Our results add to the growing evidence which suggest that EO application should be orientated to foods containing more simple sugars than complex carbohydrates [10] .
Combinations of different EOs with each other or with other antimicrobials, such as organic acids, nisin or combinations of EOs with different preservation techniques seem to be good alternatives for future studies in food protection [13, 15, 16] . Essential oils can act as natural food preservatives but further experiments are needed to check their efficacy in real foods. 
